a biomechanical etiology (4) . This can include increased pronatory forces, resulting in a decrease in the available range of motion at the first MTPJ, causing dorsal jamming experienced within the joint (5, 6) . Underlying anatomic variations, such as a long first metatarsal and tightness of the plantar fascia, can also potentiate this process. The repetitive traumatic process continues to destroy the cartilage within the joint, causing exposure of the underlying subchondral bone. The inability of the chondral surfaces of the joint to regenerate contributes to making this an irreversible process.
A variety of surgical treatment options are available for hallux rigidus once nonoperative methods have failed. The primary goal of surgical treatment of hallux rigidus is pain relief. The secondary goal is improvement in overall function. These surgical treatment options are largely dependent on the stage or grade of hallux rigidus; however, consensus is lacking regarding the most accurate classification system (7) . The classification system proposed by Coughlin and Shurnas (8) systematically examines the range of motion, radiographic findings, and clinical findings to grade the hallux rigidus. This classification scale progresses from grade 0 to grade 4. With each advancing grade, the degree of degeneration of the first MTPJ increases. This classification system is widely accepted and hence was used in the present study to standardize our evaluation.
It is generally accepted that 2 broad categories of procedures exist for the surgical treatment of hallux rigidus. The first broad category is considered "joint sparing" procedures, which include cheilectomy, sesamoid excision, arthrodiastasis, and decompression osteotomy (9, 10) . As the name implies, these procedures attempt to maintain the integrity of the first MTPJ. This category of procedures is generally used for earlier stages of this degenerative process. The second category is considered "joint destructive" procedures, including joint fusion, joint replacement, and joint resection (Figs. 1 through 3) (9) (10) (11) . This category of procedures eliminates the anatomic joint and is usually reserved for the end-stage of this disease process. This latter category was the focus of the present study.
Arthrodesis of the first MTPJ was initially reported by Broca (12) in 1852 and popularized by McKeever (13) . This procedure of fusing the first MTPJ has been successfully used for decades (14) (15) (16) . If fusion is achieved, the results of the procedure are long lasting. Although arthrodesis is typically used as a primary procedure for hallux rigidus, it has also been advocated as a salvage procedure for failed resectional arthroplasties (17) (18) (19) .
Joint implant arthroplasty is a surgical technique involving the use of engineered materials placed into the first MTPJ, thereby creating an artificial joint. Swanson et al (20) popularized a single and double stemmed, hinged type silicone implant in the 1970s. These implants have evolved in materials and design over the decades. The materials used have included silicone, ceramics, polymers, and metal alloys. Hemi-implants (hemi-arthroplasty) are 1-piece constructs that are placed at the base of the proximal phalanx or the head of the first metatarsal. These types of implants have grown in popularity owing to their simple application and have yielded good results (21) (22) (23) .
Resectional arthroplasty (Keller procedure), since its introduction to published studies in the early 1900s, has been used successfully for decades (24) (25) (26) . Although this procedure has been modified over the years, it has been a viable surgical option for the treatment of hallux rigidus (27) (28) (29) . This technique involves the resection of the base of the proximal phalanx of the hallux, thereby removing the degenerated joint interface.
Robust long-term studies examining the efficacy for the surgical treatment of end-stage hallux rigidus are lacking. There are conflicting and unclear published reports regarding arthrodesis, hemi-implant arthroplasty, and resectional arthroplasty. To our knowledge, no large, long-term published outcome studies have directly compared these 3 surgical techniques. The present study was a multicenter, retrospective, comparative study examining the long-term outcomes of arthrodesis, hemi-metallic joint implants, and resectional arthroplasty in patients with end-stage hallux rigidus.
Patients and Methods

Investigative Sites
A general call for investigative site participation was conducted through print media and the website by the American College of Foot and Ankle Surgeons (ACFAS). The potential sites were required to meet the following criteria, outlined in the application: (1) 1-year contractual commitment to the study; (2) the investigator for each site must be a fellow or an associate of the ACFAS; (3) the investigator must have performed a minimum of 50 surgical procedures for the treatment of hallux rigidus; (4) the investigator must have performed all 3 procedures; and (5) the investigator must have a professional reputation for scholarly activity. Fourteen applications were reviewed by the study director (P.J.K.).
Five sites were initially selected to participate according to these criteria and their geographic location. An attempt was made to prevent regional clustering of investigative sites by selecting sites from different geographic regions across the United States. A formal statistical clustering prevention plan was not conducted. Within the first year Fig. 1 . Arthrodesis. Postoperative dorsal-plantar radiographic view demonstrating result of arthrodesis of first metatarsophalangeal joint using a plate and a single partially threaded cortical lag screw. of the study, 2 sites were withdrawn by the study director. One of these sites was withdrawn because of the lack of study progress and subject enrollment. The other site was withdrawn because multiple pages of data were either not collected or missing. The data collected from these sites were not used in the final analysis. Two replacement sites were added according to the same criteria as listed. After an interim power analysis was conducted, an additional investigational site was added to increase the power of the study. Hence, the data from 6 sites were used for the final statistical analysis.
Each investigative site was provided a detailed study binder that outlined the specific instructions for proper study execution and data collection. The investigative sites were provided a stipend to participate in the present study. All investigative sites received approval by the Western Institutional Review Board (Olympia, WA), which served as the centralized institutional review board for all participating investigational sites.
Surgical Technique
No standardized surgical technique was used for any of the 3 procedures. A range of fixation devices was used for the arthrodesis procedure, including the use of wires, screws, and/or plates. The type of hemi-implant used differed from surgeon to surgeon; however, all involved the use of a hemi-implant placed at the base of the proximal phalanx. The technique for the implantation of the hemi-implant also differed from surgeon to surgeon. The performance of the resectional arthroplasty was relatively consistent. However, the amount of the proximal phalanx removed and the type of tissue used for interposition differed from surgeon to surgeon.
Patients
The patients who underwent arthrodesis, hemi-implant arthroplasty, or resectional arthroplasty for the treatment of end-stage hallux rigidus, with a minimum follow-up period of 12 months, were recruited into the present study. The patients were identified through a review of charts for patients with grade 3 or 4 hallux rigidus using the Coughlin and Shurnas Classification System for Hallux Rigidus (8) . The patients were contacted by telephone and asked to return to their surgeon's (site investigator) office to collect both subjective and objective information. The patients were excluded from the study if they had a history of seronegative or seropositive arthropathy. The patients were compensated for their participation.
Measurement Tools
Demographic information was collected, including age, gender, weight, height, postoperative time to follow-up, and type of procedure performed. Outcome measures were obtained from both the patient and the site investigator. The site investigator performed a radiographic and clinical evaluation specific to each procedure performed. The clinical evaluation included a physical examination of the surgical limb, and these findings were recorded by the site investigator. The physical examination included pain with palpation about the joint and forefoot and the relative position of the hallux. Radiographic examination included 3 weight bearing views (dorsal-plantar, lateral, and oblique), which were reviewed by the site investigator. The radiographic examination included noting any osseous changes around the joint, the relative position of the first The subjects completed 2 patient-reported outcomes questionnaires assessing pain, function, and alignment/appearance. One of these questionnaires used the First Metatarsophalangeal Joint and First Ray Scoring Scale (patient questionnaire) of the ACFAS, which uses a 50-point scale divided into pain (30 points), functional capacity (15 points), and appearance (5 points) ( Table 1) (30) . The other outcomes questionnaire used was the modified Hallux Metatarsophalangeal-Interphalangeal Scale of the American Orthopedic Foot and Ankle Society (AOFAS), which uses a 100-point scale divided into pain (40 points), function (40 points), and alignment/cosmesis (20 points) ( Table 2) (32, 33) .
Statistical Analysis
Differences in the demographic information among the 3 procedure groups was statistically analyzed using 1-way analysis of variance, chi-square, and Kruskal-Wallis tests. A comparison between the right and left legs was conducted using a related samples Wilcoxon test for patients with bilateral data points. The patient-reported outcome measures among the 3 procedure groups were statistically compared using a Kruskal-Wallis test. The results of the ACFAS and modified AOFAS subjective questionnaires were not normally distributed; therefore, the median scores were statistically compared using the Spearman's rank correlation coefficient. Statistical significance was defined at p .05. The surgeon's clinical and radiographic evaluations were tabulated, but no statistical comparison was performed owing to the lack of consistency of findings among the 3 procedures. A power calculation was also conducted at a significance level of 0.05, power of 0.80, medium effect size of 0.25, and large effect size of 0.40. Using these limits, the sample size needed in each group to detect a medium effect was 53, with 22 patients needed to detect a large effect. All statistical calculations were performed using Statistical Package for Social Sciences, version 14.0, for Windows (Armonk, NY).
Results
A total of 158 patients (105 females and 53 males) were enrolled in the present study and underwent 51 arthrodesis, 52 hemi-implant, and 55 resectional arthroplasty procedures ( Table 3 ). The mean age was 60.5 AE 9.7 (range 36 to 84) years for the arthrodesis group, 61.4 AE 7.5 (range 45 to 85) years for the hemi-implant group, and 64.3 AE 11.3 (range 39 to 92) years for the arthroplasty group. No significant difference was found in the mean age (p ¼ .11) or number of patients in each group (p ¼ .16) for the 3 procedures. The height and weight measurements were converted into the body mass index (BMI). A significant difference was found in the BMI among the 3 groups (p ¼ .007). Those who underwent a hemi-implant procedure had a statistically significantly lower BMI than those who underwent arthrodesis (p ¼ .050) or arthroplasty (p ¼ .007). The median postoperative interval was 194 weeks for the arthrodesis group, 188 weeks for the hemi-implant group, and 124 weeks for the resectional arthroplasty group. Overall, the median postoperative follow-up period was 159 weeks. The median postoperative follow-up period was not significantly different among the 3 procedure groups (p ¼ .052).
Statistical calculations were performed to detect differences in the patient-reported outcome scores. No statistically significant difference was observed between the right and left limbs for the cumulative outcome scores for either the ACFAS or the modified AOFAS scores (p ¼ .514 and p ¼ .689 respectively). The median total ACFAS score was 42 for the arthrodesis procedure group, 42 for the hemi-implant procedure group, and 44 for the resectional arthroplasty procedure group (Table 4) . No statistically significant difference was found among the 3 procedure groups (p ¼ .642). The median total modified AOFAS score was 90 for the arthrodesis procedure group, 80 for the hemi-implant group, and 92 for the resectional arthroplasty procedure group. No statistically significant difference was found among the 3 procedure groups (p ¼ .138). The ACFAS scores were multiplied by 2 to compare these scores to the modified AOFAS scores. The correlation coefficient between the ACFAS and AOFAS scores was 0.783, which was statistically significant, revealing a moderate to high correlation between the results of the 2 scoring scales (p < .001).
The surgeon's clinical and radiographic findings were tabulated ( Table 5 ). The following findings were identified in the arthrodesis group: metatarsalgia (9.8%), nonunion (7.8%), malalignment (7.8%), hallux interphalangeal joint pain (3.9%), and delayed union (2%) ( Table 5 ). Three revision surgeries were performed, with 2 fusions using a bone graft and 1 fusion not requiring a bone graft. The following findings were identified in the hemi-implant group: bony overgrowth into the joint (28.8%), radiolucency around the implant (19.2%), migration of the implant (15.4%), dorsal drift of the hallux (11.5%), cystic changes around the implant (7.7%), metatarsalgia (7.7%), elevation of the first ray (5.8%), subsidence of the implant (1.9%), and sub-first metatarsal pain (1.9%). Two revision surgeries were performed and involved the removal of the implant with resectional arthroplasty performed in both cases. The following findings were identified in the arthroplasty group: floating hallux (30.9%), metatarsalgia (14.5%), sesamoiditis (5.5%), and remodeling/regrowth at the head of the first metatarsal (3.6%). No revision surgeries were performed.
Discussion
To our knowledge, this is the first multicenter study comparing the long-term outcomes for the 3 most commonly performed surgical procedures for the treatment of end-stage hallux rigidus. Our results indicate that all 3 procedures result in high overall patient subjective scores at follow-up of an average of approximately 3 years. Furthermore, there did not appear to be a procedure selection bias based on the patient's age. The BMI of the hemi-implant patients was significantly lower statistically than that of the other 2 procedure groups. However, we cannot conclude that the surgeon selected patients with a lower BMI to have a hemi-implant procedure performed.
Owing to the long-term nature of the present study, there was significant time to observe any complications. The complications we observed in our study are consistent with those reported in the published data for each procedure. The most prevalent complication for arthrodesis was a combined 9.8% rate for nonunions and delayed unions. This correlates with the reported rates of nonunion for primary arthrodesis of 2% to 13% (34) (35) (36) (37) . The hemi-implant arthroplasty group revealed an osseous overgrowth rate of 28.8% and lucency about the implant rate of 19.2%. These observations did not necessitate the need for removal and did not correlate with a lower patient satisfaction score compared with the other procedure groups. These findings are also consistent with those from other published studies who have questioned the use of joint implants for the first MTPJ (38) (39) (40) (41) (42) (43) (44) (45) . Within the resectional arthroplasty group, we observed "floating hallux," which occurred in 30.9% of the cases, with lesser metatarsalgia in 14.5% of the cases. These rates are lower than from other published reports, which have reported up to 79% of postoperative floating toe and 57.9% complaining of metatarsalgia (46) (47) (48) .
Beertema et al (25) retrospectively compared the long-term outcome (mean of 7 years) of 74 patients who underwent cheilectomy, resectional arthroplasty, or arthrodesis. They reported that resectional arthroplasty yielded better results in earlier stages of hallux rigidus than did arthrodesis. Additionally, 33% of subjects reported a limited walking distance in the arthrodesis group compared with 14% of the subjects in the resectional arthroplasty group reporting a limited walking distance. This is in contrast to a prospective, randomized study by O'Doherty et al (26) , which compared resectional arthroplasty versus arthrodesis in 82 subjects with a follow-up of at least 2 years. They reported no difference in patient satisfaction, relief of pain, improvement in walking distance, or reduction in footwear problems between the 2 groups. They went on to recommend resectional arthroplasty in older patients with hallux rigidus because of its technical simplicity. Our results indicate that age was not a factor in procedure selection and did not negatively affect patient satisfaction.
Gibson and Thomason (49) published a prospective, randomized, controlled trial directly comparing the outcomes between implant arthroplasty and arthrodesis. A total of 63 patients with end-stage hallux rigidus were randomized into an arthrodesis group (circlage wire and pinning) or an implant arthroplasty group (unconstrained 2-component system). Pain, function, radiographic alignment, patient satisfaction, clinical changes, and adverse events were measured. At 12 and 24 months, the arthrodesis group was superior to the implant Clinical and radiographic findings for each procedure type listed in order from most common to least common.
arthroplasty group with respect to pain, function, and alignment. The cost of the arthrodesis was also reported as lower. However, there are significant issues with their study. For example, the randomization was marred by bilateral assignment. Furthermore, the patients were not accounted for in all measurements. There are other important considerations as well. The first is that significant pain relief was reported in both groups at the 2-year follow-up period. Ultimately, pain relief is the goal for any joint destructive procedure. That study clearly demonstrated that implant arthroplasty significantly decreased pain. Second, the cost analysis might not be accurate because screw and/or plate fixation is the most predominant type of fixation currently in use for first MTPJ fusions. Therefore, these costs would be greater than the circlage wire and pin fixation used in their study (26) . We did not perform a cost analysis and hence cannot conclude that any of the 3 procedures performed is more or less costly. Cost is a consideration in procedure selection (50) . This is certainly true if the outcome of 1 procedure was clearly inferior to another. The results from our study did not reveal any statistically significant difference in the patient satisfaction scores between the arthrodesis group and hemi-implant group. Raikin et al (51) published a retrospective study involving 46 subjects who had undergone either hemi-metallic implant arthroplasty or joint fusion. All hemi-implant arthroplasties were performed by 1 surgeon and the fusions, using 2-crossed screws, were performed by another surgeon. The investigators concluded that arthrodesis of the first MTPJ was more predictable for reduction of pain and restoring function than the implant arthroplasty group. However, both groups reported a decrease in pain. Again, this is in contrast to our results, which showed no difference in patient outcome scores between hemi-metallic implant arthroplasty and arthrodesis.
Maffulli et al (52) conducted a quantitative, systematic literature review of surgical procedures for the treatment of hallux rigidus, including arthrodesis, hemi-implant arthroplasty, and resectional arthroplasty. They concluded that "the heterogeneity in terms of study design, length of follow-up, classification grading systems, radiological and clinical findings did not allow [us] to compare extracted data." Despite those limitations, they found that the 3 procedures examined in our study had comparable reported success rates in the published data they reviewed. In our study, we used the same classification system, the subjective outcome scoring scale, and radiographic and clinical parameters. We also came to the same conclusion that the results are comparable, regardless of the selected procedure.
Our study had several limitations. First, the retrospective nature of our study design did not allow for preoperative (baseline) score comparisons or pre-versus postoperative score comparisons. Therefore, it is possible that the preoperative scores could have been lower for 1 group versus another. This could have skewed the results in favor of 1 procedure over another. However, because we found no difference in the subjective post-operative outcome scores among the 3 procedures, the use of preoperative scores does not appear to be as relevant. If differences had been found in the postoperative scores among the 3 procedures, then certainly the initial preoperative scores could have biased the results. Furthermore, we cannot conclude anything regarding the degree of improvement from preoperatively to postoperatively. Again, this is a significant limitation for a retrospective study design. Second, the surgical technique was not standardized for any of the 3 procedures. Owing to the retrospective, multicenter study design, procedure standardization would have been impossible. Our study reflects a more "real world" design in which there are differences in surgical technique between surgeons and geographic location. Despite the differences in the surgical technique used from surgeon to surgeon, the long-term outcomes of pain, function, and alignment/appearance were not significantly different statistically, regardless of the surgical procedure selected. Finally, procedure selection bias might have influenced the results. A surgeon might have selected a particular procedure according to the patient's individual expectations, the surgeon's experience with a particular procedure, and multiple other factors. This bias is inherent to a multicenter/multisurgeon study design and cannot be entirely circumvented. Again, we believe that the results of the present study allows for a greater degree of generalizability and applicability, because our results showed no difference in the outcome scores despite the factors that might have differed from patient to patient and surgeon to surgeon.
In conclusion, the results of our study indicate similar long-term patient satisfaction scores for treatment of end-stage hallux rigidus with arthrodesis, hemi-implant arthroplasty, and resectional arthroplasty. Furthermore, procedure selection does not appear to be related to the age of the patient. The surgeon should also discuss the commonly occurring long-term findings of each selected procedure with the patient. There are multiple factors involved in the selection of the most appropriate procedure for the treatment of end-stage hallux rigidus. The bone quality, ambulatory and physical demands, desires of the patient for joint motion, and surgeon experience and knowledge of outcomes, all play a critical role in proper procedure selection.
